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ABSTRACT

It is shown that the forward-backward asymmetry

in the production of Majorana particles in e” -~ &~ and

p ~ P collisions is identieally equal to zerc if the
couplings generating the process conserve the CP-parity,
and that the asymmetry vanishes to leading order in per-
turbation theory if the production mechanism is pertur-
bative and the S-matrix is CPI-invariant. In the case of
p - p interactions the second statement is proved assuming
that the strong interactions are described by QCD and that
the relevant subprocesses involve in the leading approxima-
tion two particles /quarks, gluons or a quark and a gluon/
in the initial state. The absence of forward-backward
asymmetry is one possible signature for production of
majorana particles fother than light neutriros/ in e’ - e

and p - p collisions at high energieés.



As 1s well-known, neutral fermions can be of two varieties: they
either can be assigned/;/conserved additive quantum number, i.e. they
partigles/z/. All kmown neutral fermions are or behave ta a very good
appraximation like Dirac particles and no firm experimental indica-
tions ponfirming or making likely the exsistence ¢f :ajorana fernmions
have been found to date/3 « At the same time Majorana fermions zare
present in many extensions of the standard SU(3)x sU(2)x U(I) theory.
They appear inevitably in the modern supersymmetric (SUSY) theories/4/
as superpariners of the neutral gauge and Higgs bosons. In the minimal
oUSY version of the standard theory 5/ these are the gluinos (),
photino (g'), zino (Z) and two Higgsinos (ﬁ?, i = I,2). Heavy neutral
Mmajorana leptons are often the right-handed counterparts of the ordi-

can, be Uirac particles y OT else be absolutely neutral, i.e. liajorana

nary neutrinos in the electroweak theories based on the group
SUL(Z)K SUR(2)x U(I)/sf. And the ordinary neutri7os themself might be
/7

mixtures of majorana mass eigenstate neutrinos with masses in the
few e¥ region.

' Although the preperties of neutral Dirac and Majorana particles
are ver& different, in general, no universal and relatively simple
solution to *he problem of distinguishing experimentally between them
has been proposed to date. Our knowledge of the effects unambiguously
asséciated with the existence of Hajorana fermions is primarily based
on the studies performed for the case of Majorana neutrinos with non-
zero but very small masses. Owing to the specific (V-4) structure of
the neutrino weak interactions, all effects typical for majorana
neutrinos are very subtle and vanish in the limit of zero neutrino
masses’e/, when the physical difference between the two possible {ypes
of mass eigenstate neutrinos disappears. For lajorana ferxzicns other
than neutrinos similar conclusion might not be valid.

In this note we consider one possible signature fcr produciicn
of Majorana fermions , other than light neutrinos/ in high enersg:;
e’ - ¢ and p - p collisions, based on their specific CP- and Crr-
transformation properties. The CLr- and CrI-transfermations leave the
flajorana fermions, which do not have distinctive antiparticles, essen-
tially unchanged. AS a consequence, the cross-sectlons, e.g., for
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betwesn the zarticle spatial distridbutions in the forward and in the
backward hezisphneres (i.e., implies zero forward-baciward (F-3) asy-me-
try). 4% an illustration of our general results several exaxmples corres-
ponding te the producticn of supersymmetric fajorana Ifermicns are consi-

dered.
It is convenient to begin our discussion by considering the spe-

cific process of e’ - e annihilation irnto a pair of arbitrary tajorana
fernions j and ! : " _ :
] e 1‘8-—»}‘ + j‘ _ (I)
We shall assume that at least one oI the two particles in the finzal
state (say, y' ) ic messive, unstable and has visible decay products,
so that its productiocn rate ia the two khemispheres in the e’ - e c.zm.s.
ctan be measured, in principle. rrocesses of this type are predictsd to
exist at relatively high energies ( {sx= 50 GeV), e.g., by 2 fairly wide

class of supersymaeiric ih eorle.s/9 10,11/ | In tnese theories _f and_f!

P

. v =0
can be two of the eigenstates of the K . Z and I ajoranz mass netrix
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which has diagonal as well as neondiagonal elezents. In v

night have a2 large photino component being the lighisst nz
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state, while f‘ might be the second to the lightest nass eige
having large Higgsino comgponents. Then-f would oe unohservadble directly
a3 like the ordinary neutrinos, while jilwould undargo & ralatively
fast dacay into f and & lepton pair:

+ _ . -re-— 3 (2)
e e —a.f -f 13 M', gr
kn et

Incidentally, this ;rocess might tzke place even at PIT zad PITRA with

/11/

I we ceparate the nontrivial part R of the S-matxix, axpressing

a cross-section in the picobarm :egion

the lather as

where I is the ideatity operator, then the anplivude ol the process

* The proof of the second statement prasented here Jor ihe case

-

of ¢ - 7 collisions is made under some ratoer jensral assuitlgsis.



(L) c2n be written in the form:

(25 8 Do, mopmxe DaleTemp ) =< S, ) FEDIR (o) (apn),

Here F1, Py» X and X are the 4-momenta of e, e+, and l » respec-
tively, S is uhe preojection of the spin of the eletiron on its -—omentux
ﬁl (s +3 or - ), etc. The well-known set of invariant kinematical
varlables wnlch can be used to describe the reaction (I} includes
2 2 2
S"‘" - (PL+PZ) » t o= (Pl—k) and u = (Pz_k) > (5)
anlg two of them being independant (s—t—u = 2m2 v 02 o+ m'z, where
1
m( is the mass of ). In tr et-e” c.m.s. we have:
1
t = I (s-mz-m 2) + k (s—4m2)2 cos O - m2, |
' e’} S (6)
u (s ~mé-m 2) - X (s—4m§)§ cos 8§ - e,
where.k.ls the absolute value of the ande]‘ momentuz and & is
the angle formed by the e and ‘ momedta. The differential cross— sec-

tion, summed over the spin states of the final particles and averaged
over the spin states of the initial e’ and e, can be written as:

_,_.,|

- 4 IRV TR S 2 X dk
o = (2%)4 6 (pprp,k-k') £(s,u?) (s, 6 £ (1)
Here f(s,m ) is a well-known kinematical lanctlon determnined by the
1
relative flux of the initial particles, ké ) is the ) erergy =ad
F(s, t)_z'z'_ lA(ee—:,Jij")\ (8)

¥e shall use also the CP and CPI transformation prijserties of
one-particle free Majorana fernion states with definite nomeatusm and
spin projection on the momentuxz. Since a majorana fernior has no
distinctive antioarticle tney read:

If (r,k) > om 7cf=]”1f (- -T, kg ) >, X = (-%, ix_ ), | (9)
(z,x) > >?c»(rf’lf (-r, k/ > (1) .

Wi , re pnase ractors.
where 7., (x) and é%ﬂrff) are phase Tact ‘ |

After these preparatory remarks we procead to The discussion of
the specific symmetry properties 0l the cross-section of ithe process
\1) which are a direct conseqguence of the Majorana anature cof the par-

tig¢les in the final state, Let us assume first thal the counlings of

3

.f a2nd ! are invariant under thae CP transformations. Using
20.{9) we gét then:



<f(r,k)!ff(r' k') TRI e*(s,,pz) e‘(SI,D ) >=

= =7 <j‘( r,i )f( r,: )l RIe (-u—,'au Je(=55,05,)
whnere ?P is a phase factor and tne minus sign in the right-hznd side
copeared since the positions of the e’ and e creation operacers in the

initial state wave function have been interchanged. It follows from

egs. (II) and (8) that the function F(s,t) is symcetric wit:k respect
to the change of variables (s,t) to (s,u):

¥(s,t) = Fl(p,,7prp)?s(o,,mk)%) = F(s,u) (12)
Since in the e¥-e” c.m.s. the variable u can be obizired fram t forzmally
by replacing cos & with (- cos @), this implies that F(s,t) is an
even function of cos & . Therefore the (F-B) asymeetry in the production
of ¢’ (or ) will be identically equal to zero independently of the
structure of the interactions leading to (1).

This general conclusion is not valid if tze ard -f’ courlin
are not CP-symaetric. We are going to show, however, that it 1s Sho
true to leading order in the perturbation theory if ize “rocess (I) is
perturbative {(i.e., and k' do not possess coupnlings wihich cannot
be treated perturbatively a{(the energies atl which the pracess'in
" question occurs™) and if the S-matrix is CPT-invariant. Indeed, tke
unitarity of the S-matrix is eqvivalent to the relaztion: '

R+R" +8R" =0 (RR' = R"R). (13)

Zg. (I3) implies that to leading order in the perturbation theory the

matrix elements of the operators K and R’ between the &', e~ and y

states coincide. Together with the CPI-invariance of the S—-matrix this
leads to the approximate equality:

<ﬂr k)f(r k' )IRIe (sz,pz)e (sI,n ) > X

"&p CFl-rk) ¥(-r' ') IRIe (—a,,g,)e (=550, )> (14)
cp- being a common ‘phase factor. It is trivial to skow using eg. (I4)

that in this case
F(s,t) = F(s,u) (15)

* For 5 > several weV this is supposed to bte valid also for the
particles whose strong interaction is governed or fixed (eege, via the

supersymzmetry) by QCD (ilike gluinos).



and therelore the (F-3; agyuzetry in the production f‘f (o= x )
vaniches To leading oxder in the perturbation theom ~f

It was noticed in ref. /II/ that the leading contrlbutlons to the
crosu-scctions of e - e annihilation into two different weak gauge
and/oxr Higgs majorana fermions, calculated in the minimel 5JISY extersion
of tha-stangard rmodel, exhibit the same symmetry property, zlthough
the couplings generating the reactions are not C-invariant and might
not preserve (P-parity. Obviously, this is just one example of processes
for which ocur genexral results are valid.

With minoxr modifications the preceeding considerations can also
be applied to the process of production of one Majoranz particle in

association with a Dirac particle N or its antiparticle X
e+ +€-—7f +{9_I‘ » (16)
N

as well as® to the process aof inclusive najorana particle production
4

' e’ + el + anything (17)
They lead to exactly the Same results for the (F-B) as&mmatry in the
distribution of . For example, the anmalog of eg. (II) in the case
of reaction (16) has the form:

,<if(r,k)N(r k) LR1e (sz,pz)e (s72p7) > =
_..2 <if(-r ,k )N(-r ,ﬁ ) 1 RIe"(- -S1571 )e*(—sz,pzn) > (18)

The differential cross-section descrlbing the distributian of re-
presents a sum of two terms corresponding to the e’ - ¢ anminflation
cross-sections into the two different final states (x A) and (g N). 4s
a consequence of eq. (I8) these terms transform into each other under
the change of wvariables u-t, t-»u and therafore the differential
cross-secticn 1s symmetric with respect to such a change.

The proof in the case of inclusive majoranz particle production
is based on similar analysis. It should be mentioned that The variables
t and u are independent in this case. lherefore the relevanti syxmmetiry
properties of the function F(s,t,u), which determines the t- and u-
dependence of the cross-secelou vl ihe reaction +17), can be expressed

* Ppe CPT-invariance of the S-matrix and the unitarity cond
(I3} imply taat if one of the reactions (I8) takes place (e.g., e

7 = 3 ¥ - 3T 3 -~ § o
then the cther (e a~,]: N) snould also exist.



as follows:

Ouviously, the absence of (F-3) asyometry in the procuciion of
2 given neutral fermion Iin e - e anniknilstion can be a cornsaguence
o a specilic dynamics governing the process. Moreover, it might even
be simulated by specific circuamstances. in example' illustrating thnis
is provided by the hypotaetical reactioas:

e’ +e—=> VTN

Laete™ D orf.tf/-i'v‘ (20)
et + >0 + X
s e7e’) oF pTpe” v (21)

where Y is a light (or massless) neutrino and N is a keavy neutral
lepton of Dirac type (e.g., associated with a fourih sequential gene-
ration of leptons;. Let us assume for definitmess taat N hes (VI:- A)
couplings conly. Since the neutrinos are uncbservadle in the type of
experiments under discussion, the signatures of these reaciions will
te the same as the signatures of the reaction (2) in which Xajorana
fermions are produced. It is not difficult to show that if the ccuplings
leading to (20) and (2I) are, e.g., CP-invariant, for each ¥ (3) appea-
ring in the forward hemisphere there will ve an N {N) procduced ir the
backward:hemisphere. Thus the lepion pairs originating both from N
and N decays will be produced with equal cross—-sactions in the two
nemispheres, exactly like in the process (2). In tke particulat exaaple
we are considering it is nevertheless possible to dlstlngulsn between
the prodyction of the Majorana and Dlrac fermions by measuring, the
energy distributions of e” (M7 ) or e” ((7) in each of the two hexmi-
spheres. These distributions will be identical if the decaying particle
is a kajorana fermion ( ); they will be different if the charged
lepton originates from a weak (C- and 9- noncenserving) decay of a
Dirac neutral lepton (¥).

Let us turn now To the process of inclusive producition oI [ajoraza
particles in p-p <ollisions:

p + r)-a‘f + anything
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From the point of view of the symmetry properties of the cross-s

% Phis interesting example was brought to my attention by

Prof. Walfenstein



we Gre interested in, there exists o complete analogy tatwesn ire
vrocesses (I7) and (<2), when the couplings of the Haioranz “er-ien
are CP~invariant. Independently of their specific form, will te

produced then in the p = p collisions with equal cro
forward and backward hemispreres (in the p-D c.m.s.)
The presence of strong interactions between the pariicles in the
initizl state makes the case of CP-noninvariant Jf —proton couplings
more complicated than the corresponcding case of e’ - e~ amnitivation.
48 1s well-Xnown, no exact methods of accounting for the initial ztate
strong interaction effects have been developed to date, However, 1if
the reaction (22) occurs at relatively high energiss one can use the
quark-gluon picture of the collision, i.e. QCD as a theory of the
strong interactions. In this approach/IZ/ all nonperturbative. initial
state interaction effects are assuzed to be accounted for by
distribution functions of the interacting guaris and/or gluons, waic

ha

are extracted (directly oxr indirectly) from the data., The subprocesses
corresponding to production of in the interaction btetween guarks
and/or gluons are supposed to be perturbative as (by ass&%tion) they
take place at energies at which the QCD effecis can ke treated pertur-
batively. Under these conditions it is possible to show that if th
relevant subprocesses involve only two particles in the initial siate,
the (F ~ B) asymmetry in the distributiocn of vanishes 4o leading
order in the perturbation theory, as like In The corresponding case cf
e’ -~ ¢~ annihilation. We shall give below 2 proof of <nis statesment for

the case when_] 1s produced via quark - (antl)qu_ri anninilation:

! t () re - =
! q *q — -f + anything (q s @ = Uydyueee,l,;8,000(23)

In the majoriity c¢f cases of practical interest "anything" corrés:
in the leading approximation to one particle aand © e‘f vroduciion

cross-segltion represenvs a sum over all relevant pair inilial
quarxs and two-particle final states. In particular, if is expectad

e
iven charged Iirzc

5
}-J.
¢
1y
fu
09w

to be produced predominantly in association

fermion X, the reaction
! Iy

Qg vrg—> X (24)
o + o'— + X (2—-\
¢+ g ¥ 5)
where X (¢™) is tne antiparticle of X( ¢™, should zctually be consi

dered &3 subprocesses Ior the process (22). Lat us focus Iirsi our

-



atienticn on this case . CPD~invariance and the uniiarizs ¢ +he S-

matrix lead to the relation

<J(+, )K(“’ “') IRTI &'(u é)q'(s
= 2 <Lr(—:,£)£(—”' L)

(the'notations are obvious) valid in <ze leadinz order of the pertur-
bation theory. Eg. (26) implies that in the leadi:g arpzexination the
cross-sections of the reactions (24) and (25), avera

quark spin states and summed over the spin states of

t2e final pariicles,
are described by the same function F ((vanz) ,(n )2) = Fq(s' t1)
Th o) - 4 ol B} v prydE ekt
d¥ (g'+q f %) =(2%) g(pI py-x-kt)I (s7)F (s7,t )Eo 34 (27)

fq(s') being a standard kinematical factor, identical for both reactions.
In the approach we are following the cross-section of the process (22)
with subprocesses (24) and (25) has the standard form cf 2 suns of cor-
volutions of the products of the irit'al sLate qaarg cistribution
functions in the proton and zntiproton (q”(x) and g g ), respectively,

x being the fraction of the por p momentum}*ca*r;ed [oN q” ) and the
cross-sections (27). Assuning that p and T have 4-zomenta Py &nd p,

-
and that ‘f is produced with a definiie momentux X, it can te writisn

d& (pp—-] +anything) = SCL{ gdx r?)' (2% )4g(x-LPITK

as:
22£~£ )f (s*)x
ks-XQE(xfE;(xz) + EW(XIqu(xz)] by (S"(xlpl"k)z\

[ q (x zq" (x ) o+ q (xzjq“(x )1 F (: ,(x e —k)z%%§-=

- 2 2y d¥ .
= Fp(s’(PI k) ’(PZ k)<) i—:; (28)
dere z; and X, are the fractions of the momenta ol p and T carried by

tae annihilating quarkxs, s'z'xlxzs (the effecis of the initial particle
a3 ac

masses are neglected, which is 2 standard approxizaticn in this ap

® Yf I does not carry an electric charge we should have, e.g.,
g"=¢! ond the initial states in egs. (24) and (25) should coincide.

#* mhe dependence of the quark distribution funciiozs on wariables
irrelevant to our discussion (like tae q' - g" invariant mass s') is

not showz explicitly.



and'we have made use of the relaticzazs: gl*™(x) = o!?*"(x) aad a2' M {x) =
g ~Z o)
"°'ﬂ {x). It is *txivial to convince ¢n2321i that the functisnm *

(o,( 3 -f)z (p,-x) )2 e
uO tae 1nte“chun ¢ of 7, and Tos which implies that in the p-n ¢
it is ad even function of cos 6==pl£/(|p11|k[) Conseguently, in the
leading approximation there will be no (F-B) asymcmetry in the produc-
tion of . It is easy to generzlize this result to the case of glu-
on-quarx as wellas gluon-gluon annihilation and arbitrary possible
particle X, and to the case of arbitrary number of particles in the
final state of the relevant subprocesses.

Our conclusions concerning the reactiom (22) apply to the rajori-
ty of cases of practical interest discussed in the Literature. In
particular, they are valid for the set of subprocesses comsidered
in ref./I3/, wherein the production of SUSY particles in p -~ D colli-
sions is studied in detail:

~ " * g ~ v

—y & ThH~1 — T TR . g*biq
q+vgl=- £+ ¥, q+Tq'» ¥y T &, g*q—ﬁg._Tg, (29)

'g+Z1 w—+"7“‘ q+ 4

+ —haasma
X .

where w-, § and g are the supersymmetric partners of the W4 GoGafrx
and gluons (g), respectively.

To conclude, the absence of (F-B) asymmetry is a possible sigrna-
ture for production of liajorana feramions (other than ligkt reutrinas)
in e” - e~ and p - P collisions.
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